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Molecular Beam Focusing of Diatomics in Selected States: Two New Methods 

by 

Theodore Gustav Waech 

(Under the Supervision of Professor Richard B* Bernstein) 


ABSTRACT 

Two methods have been developed for the focusing and state 
selection of diatomic molecules in thermal molecular beams * The 
first utilizes a pair of four-pole electric fields, with an interposed 
crossed beam of microwaves, to select beams of chosen vibrational- 
rotational states. No mechanical velocity selector is needed* The 
second (requiring a selector) involves a ten-pole electric field which 
allows weak, focusing and selection of rotational states of negative (or 
positive) Stark energy, including the "rotationless" state J,M = 0,0* 
Also, calculations are presented on the scattering of thermal 
beams of atomic hydrogen by hydrogen atoms. 


* Work supported by the National Aeronautics and Space Administration, 
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U^S. Bureau of Naval Weapons, Applied Physics Laboratory Subcontract 
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I INTRODUCTION 


1.1 

It is well known that beams of charged particles can be focused, 
accelerated, or moved about ’'easily" by the use of electric and 
magnetic fields. Such fields however, if they are inhomogeneous, 
can also somewhat influence the motion of neutral particles ex- 
hibiting a Stark or Zeeman effect. The particles "seek 11 a position 
of lowest potential energy which may be in either a high or low field. 

If the change in energy due to the field is of similar or greater 
magnitude than the particles translational energy, the motion can 
be affected appreciably. 

This thesis discusses methods of using the Stark effect to select 
focused molecular beams of chosen rotational (or vibrational-rotational) 
states. Only methods applying to linear polar molecules (mainly dia- 
tooacs) wilt be discussed in depth. 

Actually, certain rotational states of diatomics have often 

been focused in the past with a four -pole field. 1 ' * In fact, much 

I 2 

molecular beam spectroscopy has been done using these states, 
and their focusing will be discussed. 

The thesis is divided into six main sections. Sections III B, 

IV B, and VI B are papers (already published or in press), and 


Ivl See, for instance, reference III B l (in section III B). 
1.2 See, for instance, reference III B'4b. 





therefore contain their own figures and footnotes, 
are independent of the rest of the text. 


1.2 


Those sections 


1.3 Pages, figures, footnotes, and tables are numbered according to 
their section; i.e.. Fig. II B. 1 is the first figure in section 
II B. The papers (designated sections III B, IV E, and VI B) 
do not (internally) include the section numbers. 

1.4 Much of the work presented is not entirely the writer's own, 
but includes substantial contributions by the co-authors (as 
specified) of the published works. However, it is all included 
for the sake of completeness. 



II A. 1 


II. FOUR POLE FIELD FOCUSING 


Let W be the energy of a heteronuclear diatomic molecule rn an 


electric field E, assuming a £ electronic state. 


\a/ = w„ -*• Wi ■+ 


«here W o is the energy in the absence of a field, W., is the second 
order Stark energy (proportional to E 2 ), etc. For sufficiently low 
E, the higher order Stark energies are negligible compared to W r 
.II A. 2 

W 2 is well known to be 


W, = 




where yM'o ~ P ermanent d iP ole [M1,,ent 


I = moment of inertia of the molecule about its center 




7 C 7+1 ) ~ 3 , 


M- f or J,M - 0,0 


J = rotational quantum number 


M = orientation or magnetic quantum number. M can have 


11 A. I See ref. Ill B.l for more information. 


TT A 2 C H. Townes and A. L. Schavlov, "Microwave Spectroscopy," 
(McGraw-Hill Book Co., Inc, New York, 1955), P. 250. 


r»- • 


only values J, J * 1. , . - J. M % is the component of the 

angular momentum m the direction of the electric field. 

Neglecting and highs' ocdbV b carte energies, the force <F) on 
the dioolc cn? 1 zz an ir.hcmogerec *Uctric field is 


= , ^‘V * 


fSr-' £«m)v e“. 


- «j r / <, . e, |f 

ti /?— 


; p * 'P £* . I j 


(XI A. 3) 


here i '-'.i "T jr« _-it vercots ir. the x end y directions respectively. 


This is T .re often wncte 


F - - ^ ^ - |f A -"> 



Note th<?t/^«lr Is trcpcr tional to E. rig. 1 illustrates the 
linear ’t, zi fatzl /ersjs z ' *' S 

- l ' ^ t : .n*l electric field ( E = E(x 3 y) ; can be built 
such that T is picpnrcicnal to ~*r*(for sufficiently small E) for 


II A*3 


Fig. II A.l <^os 9> = for a diatomic in an electric 

field E. 

* _ " 

9 is the angle between E and the dipole moment* Y * ' 

Ihe dashed lines correspond to the low field limit where 

^. os oy =t 2 f 2 (J,M) Y. The graph was made using calculations 

(of /cos G> at integral values of Y) of K. H. Kramer using the 

. TI A*3 

continued fraction method of H. K. Hughes* 

l 


IX A.3 H. K. Hughes j Ehys* Rev* 72, 614 (1947 >* 



II A. 5 


II A. 4 

a sec of rotational states. * This field is the four~pole field 
with a potential V = ( y - ’X 2 ~) ^ A 


where V is the absolute value of the voltage on any one of four 
o 

II A. 5 

hyperbolic electrodes as shown in i he sketch. 




II A. 4 See reference III B. 1. 

II A. 5 The actual electrodes used are circular rods. 
See section V D. 





Then from equation (II A. 3) or (II A. 4), 


II A. 6 


yit) - sL- l^L (ii A . 9) 
d t 


where m is the particle mass and t is time. 

For positive f 2 (J,M) (as for J,M = 1,0; 2,0; etc.), there is 
a force toward r = 0, This is because such particles increase in 
potential energy in an electric field (see Eq. (II A, 2)). Therefore 
they are repelled by the stronger field at large r (see Eq. (II A.8)) j 
For negative f^(J,2i) particles (e.g., those in the states 
J,M — ; 1,1 » . 2,2; etc.), the force is directed outward toward 

large r The solutions to Eq. (II A. 9) are 


f 2 (J,M) > 0 ; Y " IT Z-TTVt: + J-L. •XTTISt: (II A. 10) 

* 177" ’l' 




(II A. 11) 


3- Vo M. f^*iCT,W) 

ini'- — - V /''p.I 


(II A. 12) 


r Q = K of ir-o 


cJr tr - o 


II B. 1 


B. Experimental considerations 

Consider the results of an experiment with a ^molecular beam (in 
a vacuum chamber) effusing into a four-pole field with = 0 (see 
sketch). A particle for which f 2 (J,M) < 0 is deflected with an exponen- 



tial trajectory (Eq. (II A. II)). But for > 0, a sinusoidal 

trajectory brings the particle back to the r^ » 0 axis after a time 



(IX B.l) 


during which it travels a distance 


A 


V 

2. -1/ 


(II B.2) 


r 


where X is the "wavelength" >£ the trajectory and v is the velocity 

( ). if f_ , the particle hits the detector; i.e., the detected 

^ ^ 3 _ >/ 
focused beam consists of particles for which 1 - ^ -y or 


V. = 7 FEE 
v L V 3. T,M) 


(II b. 3) 


Eq. (II B.3) is the condition for focus m>£ with the four-pole field. 
The trajectories of these detected particles have an amplitude (A) 
of (using Eqs. (II A. 10) and (II B.2)) 


/Ur .— ) =• 




(II B.4) 


Note that at a given V q , a certain velocity for each state is 

focused. Because of the wide velocity distribution normally found 

in a beam, a mechanical velocity selector (see section *V B> is'used. 

With V and v set, only one state is focused at a tim* as in the 
o 

traced sketch (Fig. II B.l). 11 B-1 The width of a peak is deter- 
mined by the velocity selector resolution unless there are higher 
order Stark effects present, poor positioning of apparatus components, 
too high a background pressure, etc. Although a beam stop or 
"obstacle" is used to stop the direct beam (all states, r^-^O) 
from hitting the detector, many particles are still forward scat- 
tered around the beam stop unless the pressure in the apparatus is 


II B.l H. G. Bennewitz, K. H. Kramer, W. Paul, and J. P. Toennies, 
Z. Phvsik 177 . 84 (1964), 


! 




XI B.4 




very low. Also, at high V , there may be some "triple focusing" 

(see fxrst sketch below). 

Consider the case for which r is not necessarily zero. If 

o 

r ^0, note from Eq. (II A. 10) that the final r (at detector) is 
o 1 

-r if Eqs. (II B. 1) - (II E. 3) are satisfied. This suggests that 
o 

for a velocity selected beam, the focused particles form an inverted 
image of the oven opening (which is usually a small circular hoie or 
a thin slit) at the detector. Thus the four-pole field acts as a 
lens, as noted by several authors. 

However the image is somewhat "fuzzy" for actual experiment's. 

This is introduced by a non-zero velocity range, by background gas 

II B. 2 

scattering, and by larger possible amplitudes * which may give 
more high order Stark effects (see second sketch below). 





II B.2 Assuming only a second order Stark effect: 

a - v 


II B.5 


Various effects such as mhomogeneities m the field, possible 
"end effects," or perhaps oil or beam material on the field rods 
makes the field astigmatic. A small oven opening (and a small 
detector) is needed to form good images since it may be more accu- 
rately positioned (usually off the r = 0 axis) to give the least 
astigmatic effect (see sketch). 





The inverted image may be magnified. This is because some 
field-free space along the beam axis is needed for equipment such 
as the velocity selector. Consider the case in which a velocity 
selector is positioned near the detector (see sketch below). The 




STPAiC-nT- 


,T 




II B.6 


particles move in straight lines in this region. Then using 
Eq. (II A. 10 ) } at t = t 2 

t = 


f 6-tj-z. Z7 rVti f* — — 

2-TTT/ 


Xir-VK (**--■£•,) -i.TTP>-t, ■+£ (t:,.--?,) L*n. T-TT-Vt, 


When "V is set so there is focusing at t *» t , r^ = 0 for = 0. 


xirV-t, + y 0 £■£■* -irj era. xvn/f, =o (n b.6) 


P-rr'y - -'tZ^xTr-i/ir, 


(II B. 7) 


for focusing with an initial sine trajectory and a straight 'trajectory 
II B 3 

near the detector. ' At t = t„ 


K - K ( Ut<l. 2-TrVir, ~ZTTl/(ir^-^,)^x. xn-vt,) 


(II B.8) 


“ K (' 


c*n_ xTr-v-fr, , 


The expression in parentheses Is the magnification which is always 
greater than one In absolute value for this case. 


II B. 3 ^ can be determined from "Z/. 


II B. 7 


For the straight portion of the trajectory put first, one can 
show in analogous fashion (see sketch) that the focusing condition 



II B.4 
is 


L -= — -fcL 2-7 7"lS ( tr* - 't’i ) 

277^ 


and the magnification equation is 


f - Yi C^rlU 2.7T^ ^ 


where the magnification is always less than one in absolute value. 


II B.4 Eq. (II B. 9) is the "same” as (II B.7) if one identifies 
C 2 “ C 1 in (XI B * 9 * With *1 iT1 (I1 B ‘ 7)> etC ‘ 

II B.5 The magnifications are reciprocals of one another if " c j. 
in (II B. 10) is the same as in (II B.8), etc. 


(II B.9) 


(II B. 10) 



II i>.9 


II B.8 

It is obvxous that the detector should not be much larger than 
the focused image. If it is, one will detect a larger fraction of 
the partxcles that are scattered around the beam stop, but no more 

focused signal. Also, the per cent of any given state focused 
IX Bo 

("direct beam" ' is considered the 1001 base) will be less since 
the detected direct beam will be large. A large detector may par* 
tially detect another state while the desired one is properly focused* 
Of course, if the detector or oven opening is too small, the signal 
will be too small to detect easily. 

Fig. II* B.2 illustrates the geometry used to obtain the 
focusing curve of Fig. Ill B. 1. In addition, section II E gives 
data for four -pole focusing runs made with various geometries by 
the writer. 


II B.6 "Direct beam" is the signal obtained with no beam stop and 

wi th V ~ 0. 
o 



Fig. II B.2 Illustration of "fine" geometry. 

This was needed to four-pole focus with good resolution. Possible 
trajectories with and without voltage on the fields are shown. The 
scale of dimensions along the beam axis is, of course, much compressed 
relative to the scale perpendicular to the axis, for clarity. 



IX C.l 


C. Choice of Focusable Molecules 

Most of the diatomic molecules which are likely possibilities 
for focusing are listed m fable II. I (following). Tne values of 

M (molecular weight),^^, »■ for the alkali halides are 

C. 1 

taken from a report by Herm anu ~ The value of 

v“ j ce~cO 

was calculated to be the same ts - 

C cMyJ 

in units of volt — j . ' 


cm 

The table is intended to h«sl* ^rcide **mch molecules to focus. 
Note that the cesium and rubiu'uu ,.*•*. ute the most easily 

detected with a Langmuir -Taylor dftt»ci»r “ne TJ?, m experience 
at this laboratory, decomposed at a.jpreci eie rates at temperatures 
above about 320 °C. Putting the macerial m a glass vial in the oven 
helped reduce the decomposition problem, however. 

Ac the most probable velocity, the “angle of aperture” (6); 
from an oven, of a molecular bea^ ovt ’■•hic’i a four-pole field 
(for a given rotational state) can focus . i ; proportional to 


V r B II C 2 

"Zf . (T is the oven tempera t i'-e . ) The amount of the 

given state focused should then be proportional to this squared 

(for Yo & ) tiroes the fraction of the beam in the given state. 

Since the probability of a low rotational state (i.e , of given J 

and M) is (for B « kT) about B/kf, one nut** - conclude that a "figure 

3 2 

of merit" for a four-pole focused t 1 atomic could be ( ) , where 

T is the oven temperature needed to gee a given reasonable vapor 
P 


II C.l R. R. Herm and D. R. Herschbach, 1*8L Report 16039 

(University of California Radiation Laooratory, Berkley, 
July, 1965). 

II C.2 See ref. Ill B.l. 


Table LI C. 1 PROPERTIES OF ALKALI HA LI DBS A HD TI F 


Molecule 

Mo ) ocular 
Weight 

M 

> jti-* /mo \ e ) 

DlpolO 

Moment 

Ao 

(Debye) 

Rotations 1 
Constant 

R 

r 
_ \ 

* cm 1 ' 

Vibrational 
ft oquenev 

„ j 

v « v 

-A. 

sec i 

,-c 

T for 
1 mut 

1 

pressure 

(°c> 

Lt°F 

b . l >4 

6,6 

1,5087 

✓ 

906.2 

■» ; 

1047 

LlV 5 

42.40 

7.12 

0.706 b 

b62 

4 l9 

783 

LiV 9 

S6 . 8b 

6.19 

0.5554 

576 

6 ,n 

748 

LlV 27 

' 33,85 

6,64 

0.4432 

501 

6.32 

723 

NdF 

41.99 

8.37 

0.4369 

(463) 

2 m t 

1077 

NaCl 35 

58.45 

8.5 

0.2181 

366 

* * 2 9 

865 

NaBr 79 

102,91 

9.4 

0,1513 

302 

2.2 9 ' 

806 

N„I 127 

1{*9. 90 

<9,3) fl 

0.1178 

258 

2.4, 

767 

k 39 f 

53,10 

7.33 

0.2799 

400 

2.99 6 

885 

k 39 ci 35 

74.56 

10.48 

0.1286 

281 

1.609 

821 

K 39 Br 79 

119.02 

10.41 

0.0812 

213 

1.626 - 

795 

K 39 ! 127 

166.01 

11.1 

0.0609 

(173) 

1.56 

745 


a 

(continued on the next page) n> 



Table IT C. 1 (Continued) - 


Molecule 

Molecular 

Weight 

Dipole 

Moment 

Rotation *! \ 
Constant 

Vibrate onal 
frequency 


T for 1mm 
pressure 15 

Rb 85 F 

204,48 

8.80 

0,2107 

390 

2.904 

921 

Rb 85 Cl 35 

120.94 

10.6 

0.0876 

22:, 

i 67 

792 

Rb 85 Br 79 

165.40 

10.5 

0,0475 

(166 ) 

1.45 

781 

Rb 85 ! 127 

212-39 

(10.8) 

0,0328 

(128) 

1.33 

748 

CsF 

151.91 

7.88 

0. 1844 

352° 

3.66 

712 

CsCl 35 

168.37 

10.5 

0.0721 

209 

1.81 

744 

CsBr 79 

212.83 

10.7 

0.0361 

(139) 

1.41 

748 

Csl 127 

*>59.82 

12. 1 

0.0236 

(101) 

1. 11 

733 

ti 205 f 

223,4 

4,23 d 

0,2223 d 

475® 

9.08 

- 


a Values In parenthesis are theoretical estimates, 

k Handbook of Chemistry and Physics (Ed, 42) (The Chemical Rubber Publishing Co., 
Cleveland, 1961 ), 

c See ref, IIT B,8b, 

d G, Graff, W. Paul, and Ch, Schlier, Z. Physlk 153, 38 (1958), 
e Howell, H, G., Proc, Roy. Boc, (London) 160 , 242 (1937), 


II C, 3 


II C.4 


II D.l 


pressure Inis number Is meaningful if tue beam intensity at the 
most probable velocity is proportional to oven pressure, and if one 
cun obtain the necessary experimental conditions (T, velocity, V^, 
field asseubK sue, etc.) 


D. Appendix 1 Calculation of V q /v for a typical case. 

From section n,one notes that for the four-pole field, 

\4, - 7 t R •yrVax 

~v = 3 L_,u. L V 3-a<.r,M) 

For the state J,M = 1,0; f 2 (l,0) = (see Fig. XI A.l). For CsF, 


\! ~ti /'zr 


yU a 


3,66 




from Table II. 1. For the apparatus used in this work, 
R = 0.413 cm 
It — 107 cm 


Then 

— =0. 0205 22ii— £££• m JL 

v cm jU* m. 

The fact that -A. r ^T= . for a focused beam m the given 

^ v ' 

apparatus suggests that ~ is actually higher by 5%. Usually 
v y 

high order Stark effects will raise — also (50 or more for 


coarse geometry). 


' II E.l 

E. Appendix 2. Tour -pole focusing data. 

Table II E.l illustrates the results of preliminary four-pole 

_7 

focusing runs. The apparatus pressure was typically 5 x 10 corr 
except in the oven chamber where it was normally higher. All of the 
runs other than 6 and 7 were dons ismg CsF. The space left between 
the field assemoiies was there because of the work of section III of 


this thesis. 







II E. 3 


Table II E.l (Continued) 



a Beam stop is wire unless it is indicated to be spherical by 

There was almost no effort to miximize the signal or resolution 
with the velocity selector on* 

Older fields. 

T IF beam. 









Ill A. I 


III. SELECTION OF VIBRATIONAL-ROTATIONAL STATES 


A. Introduction 

The paper which comprises section III B concerns a method of 
producing and detecting beams of specified vibration-rotational 
states, 111 The method combines focusing (with, say, four- 

pole fields) of a chosen J.M state with microwaves which cause transi- 
tions to states which ate defocused (see Fig. Ill A.1A). 

If one varies the microwave frequency (^),*** one observes 
decreases in signal at frequencies corresponding to transitions 
\s-s J M /i/* J'M* > (see Fig. Ill A. IB). One can remain tuned 

to any given absortion line and modulate the microwaves (and therefore 
the detected beam intensity) at a convenient, low frequency of, say, 

25 Hz (see Fig. Ill A. 1C). A phase sensitive (or lock-in) detector 
will detect only the AC, in-phase, component of the signal; in this 
instance, only the {010 > molecules are detected. 

Note also that cne focusing field acts as a velocity selector 

III A. 4 

(see Eq. (II B. 3)), so a mechanical selector is not needed. 

Other J,M states will strike the detector then (and add to the 


III A. 1 T. G. Waech and R. B. Bernstein, Chem. Phvs . Lett. 2, 0000 
(1968) in press. 

Ill A. 2 The original method was an adaptation of the molecular beam 
electric resonance (MBERj technique, in collaboration with 
Or. K *5. 3ernstem. Suggestions by R. W. Fenstermaker and 
R, J, beuhler helped the writer in the experimental develop- 
ment of the method. 

Ill A. 3 Not to be confused with the -V of Eqs. (II A. 10) - (II A, 11). 

Ill A. 4 See ref. Ill F /, 
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Ill A. 2 


Fig. Ill A. 1 Basic considerations of the tfBER method. 

Microwaves cause transitions to defocused states (A) and decrease 
the focused beam intensity for certain microwave frequencies (B)» 

This decrease is modulated (C). 


BEAM INTENSITY 

'BEAM INTENSITY 

(MICROWAVES MODULATED) NOT MODULATED) 


III A. 3 


V J » M 





Fig v III A.l 


Ill A. 4 


"statistical" noise), but, not being modulated, they will not be 
lock-in detected. 

The following communication concerns the technique and its use. 

The geometry used is given m Fig. Ill A. 2. The apparatus is des- 
cribed more fully in. section V. It should be pointed out here that 
the signal-to-noise has by no means been optimized. Higher oven 
temperatures (a "lavaV'-type oven might be used) and less collimation 
would lead to more signal. A larger baatu stop 'tight give less con- 
tributions to the noise due to or net J,M states and background 
scattering, as well as better velocity selection (see appendix, 
section 1X1 C). 

The communication is followed by two appendices which give more 
information on frequency and velocity considerations. A third appendix 
describes calculations which were carried out in an effort to under- 


stand the fate of the | stf* 00 > particles formed in the experiment.- 
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III A. 5 

Fig. Ill A. 2 Illustration of coarse geometry* 

This was used to produce a large signal- to -noise ratio for one 
vibrational-rotational state. Note the use of an oven slit, a long 
detector, and a long beam stop. 
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B. "production of Focused Beams of Polar Diatomic Molecules in 
Selected Vibrational-Rotational States," by T. G. Waech and 
R. B. Bernstein, Chem . Phys . Letters 2, 0000 (1968), to be 


(See journal article for this section) 
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C. Appendix 1. Velocity considerations. 

1. Determination of the selected velocity. 

With no mechanical velocity selector, the four -pole field focuses 
a different velocity for each state at one V q - A mechanical 
velocity selector can be used; or microwave modulation, as previously 
described, eliminates this problem by "isolating" a beam signal of 


the desired state (see Fig. Ill C.l). 

The velocity can be determined by £q. (II 3-3) unless high order 
Stark effects are important in tha focusing. However, one may still 
approximate the velocity if assumptions are made concerning affective 
values of :ertam quantities for a total focused beam. Somewhat 
tenuous arguments must be used. An example is given here considering 

the beam of Fig. Ill 3.2. With the mechanical velocity selector on, 

V 1 Kv sec 

at high oven cemp^q. a, one finds - 235 — “ * But for the 

geometry used, ^ wh6r6 = V 0 assuittiT 'e a second 

order effect. 



2 . 

L/13 


yr 

). 6STK* 


(III C.l) 


V„ w - o.?7 Kv 


(III C.2) 


That is, the 1.63 Kv acted the same as .97 Kv would if only a second 
order Stark effect were present. 

Assume that one can take effective or average values 
< cos 0 >, the force constant, and Y for the detected beam even though 
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ill C.3 


Fig. Ill C. I. Intensity of | 010 > signal versus V - 

A chart recording from the first trial of the method (with 
mechanical velocity selector on) illustrates the ’’isolation” of the 
1 010 > (or 1 000 >) signal- The recording was taken with very poor 
focusing resolution between the (1,0) and (2,0) states, yet the (2,0) 
peak is not observed with modulated microwaves. The observed intensity 
distribution could be somewhat dependent on the microwave frequency. 




[010> INTENSITY 

VS. Vo 




& 


0 60 = 
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c 


chev vary differently over each trajectory (The averaging is not in- 
dicated for each variable). Using Eq. (II A. 4) 

y^eff (2) .97>Kv ,_ ^eff 1.65 ? v _ Force constant 1.65 Kv 
yfa e£f ( ' 2 ^1.65 Kv' y£4/ eff ^ 2 ^ 1.63 Kv Force constant^ 25 l.bS Kv 




o 3m 


(III C. 3} 


Since < cos 9 > 


e f f 


a = ^ c "*'' c 'ns- _ 

-Z-tC'SjXts- --2-Kis- 


<cos0> 16S ” '°- 0692Y 1.65 


(III C.4) 


Then from Fig II A. 1 or che sketch, Y = 2.7 at 1.65 Kv effectively. 



Y at a given position in the field is proportional to E which 
depends on V Q . Then at 1.2 Kv one might expect Y (effectively) to be 

V - x 2 r> — / ^7 (III C. 5) 

Now ue may return to Eq. Ill C.3 for 1.2 Kv where data without 
mechanical velocity selection were obtained* 

<f _ 

ns * r_ 

V Vv ^ 






— 2.0? 



- 


\ HK/ , 


(III C.6) 



AV. 


(Ill C. 7) 


V= 3^, 


- Av. 


;.2- Av = tjZ2- 


✓»*y 

(Ill c.8) 


V 

Note chat this value of ^ is between the second order result and 
Chat at 1.65 Kv, as it must be. 

Although this "calculation" is only very approximate, it agrees 
well with a second calculation based on the fact that the experiments 



Ill C.6 


at 1.2 Kv were carried out at the velocity at which there was a maximum 
in the intensity. For a maxwellian velocity-selected (by the field) 
beam, the most probable velocity is 


v. 




= £ ][■ 


R- 

A\ 


(in c.9) 


(R = gas cons cant) 


where m = molecular weight. This yields = 426 ^ which agrees 


well with the approximate value of Eq, III C.8. 


2. Velocity resolution 

Some information is easily derived concerning the maximum velocity 
range (4 v max > that one detects using the four -pole focusing fields 
at constant V q . This range depends strongly on the minimum allowed 
amplitude of the trajectory. 

Consider Fig. Ill C.2. Assume all the angles labeled b . are 

r mm 

equal. This is a good approximation if A » $ .$ . For small 6 

mm o p *min 

zh ~t- a> - - y-z 

%~r sx: - 1x7 c - 10) 


AWA.-2A, •± (J R fS ‘ ) 


(III C.ll) 


For constant V and J,M state, V ^ \ so that 


AV~a* a x _ 4(s*+s a ) 
v " A ~ 


(III C. 12) 
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One can calculate tf in terms of A for small £ (see inset. Fig. Ill 


Y — 


2 ttZ 


(AC) 


<P 




= "X ' 


2rrr:A 

■ r~ 


(III C. 
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/} V 
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r r* + 




(ill 


or for A , 
min 


A __ 2. ( So ^ 


V 


(III ( 


rT 

For the four -pole focusing of Figs. II B.2 and III B 1, it i 
found that 


V 




(III 


For the apparently more coarse focusing of Figs. Ill A. 2 and III 
one finds 


AK 


SS1A z?- o. ^ I 
V 


(in 


C.2). 

13) 

.14) 

.15) 

.16) 

2.17) 

s 

C. 18 

B. 2, 

C. 19) * 
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D. Appendix 2. Frequency information 

Although new knowledge of the CsF rotational spectrum was not 
obtained in the present work, speccral measurements (frequencies) were 
made to verify the assignment of peaks. It was found for one set of 
conditions that at the expected frequency for the transition 
[010 >-^]000 >, the modulated beam intensity was one third of the 
maximum intensity of the ] 010 > peak (see sketch). Measurements of 



frequency at analogous intensities for other peaks gave the results 
in Table III D.l below. 

The shift with electric field of the transition frequencies 
measured in the experiment (j s*s 10 > — \/v~ 00 >) can be calculated 
for small fields. Using Eq. (II A. 2), 111 0,1 




Table III D.2 FREQUENCY MEASUREMENTS 
j/^10 >— ^[/i/'OO > frequency (GHz) oC (MHz) 


0 

11.0193* 

35 -i 

1 

10.9491 

' 3S *0 

2 

10.8791 


accepted value of cC 

e 


35.247* 


See reference III B.8b. Tue given transition frequency 
(for J = /-<»0) is 2 B e - where = 5.527265 GHz. 


llAIS 


;sr -xy*.T 





(III D.2) 


For CsF, j. 

A 1/ = A 2.^ (III 0.3) 


From this, it can be seen that to get a line width of, say, 12 MHz 
E can vary from zero to only about 0. 1 (see Fig. Ill D.l). For 
this reason the transition could not be carried out near the axis of 
a focusing four -pole field, where the field strength is strongly 
§.pac.ially dependent. 


(Ill D.l) 


III D.l Here 'V is the microwave frequency, and AV is the change of 
the absorption frequency with electric field. 


Ill D. 3 


Fig. Ill D. 1 A low resolution microwave scan. 

A tracing of chart records at low resolution illustrates the 
broadening due to the Stark effect. Possible peak shapes (dashed) 
suggest that the broadening of a given *S peak "contaminates" 
mainly peaks of lower /tr" than itself 
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Fig. Ill D.l 
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E. Appendix 3. Attempt at focusing of J,M =0,0 state. 

Originally it was desired to focus the induced jsiS'QO/* state m 
the preceding work. This peak was expected at a V 0 between those of 
the (1,0) and (2,0) peaks -(using & inec kanical velocity selector). 
However the attempt failed i.e., significant intensity of 
was detected. The difficulty is believed to be due to a magnification 


which makes it diffuse and undetectable with a small 


detector. 

Presented here are formulas for these magnification effects. 
These might be useful if the method were to be reinvestigated under 
better conditions, such as with a larger detector. The same methods 
were used as for the magnification calculation in section II B, 
Second order Stark effects are assumed so that the induced state 


follows an exponential (EXP) path in the field (see Pig. Ill E.l). 
The values ’1/ f and pertain to the 1,0 and 0,0 trajectories 

respectively (although could be for any state focusable by the 

four-pole field, etc.). Magnifications for the present apparatus 
are presented. Here it is assumed that the voltages (V Q ) on the two 
four-pole field assemblies are ^qual (then, = 1.285^). A path 



~107 cm is assumed with straight sections (ST) of ■"‘■'20 cm. 
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HI £- 1- Trajectory types. 

The magnifications for particles in the (1,0) state (A, B, and C) 
and for particles starting as (1,0) particles and becoming (0,0) 
particles (0 - G)* can be calculated 
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Table III E.l: MAGNIFICATION EQUATIONS 




tar, 2a ^ -t, ) - - ^ ^ ^ 

tan 2 x 1 /' ~fc t — "" ^-~TT~ ^ ^ "i"). "^r 3 


d tanh 2n -^/ D ( — T — 3^7“ ^ /y *^7 

e -2a -^/ -f, ■=. -^7- ~T^~ zir-V, I t-j-t; 

- 2 « c Tt" a -V,> 


I 

| tanu 2-77" ''}/* 


(fj -^l) + 



tanh 2 . 7 T “V. l~t 3 

- 2 k "Z^ ( iTj -~t, ) =■ 2 .- 77 " "Z^ t£*, 

+ ^ IX-/ 2 . 7 T-K Cf^ -±,) -r 

■v. 

2 k -Z/, ( ir 3 - - 2 --rr-V, IT* 

tanh 2 k ^ ^ 1- *-•*/ ^ 

- 2r -vA-t^-t,) - i7r W 

+ tanh 2 k -K (V,-*!)' 




Table III E.l: (Continued) 


Magnification 


[(Present Apparatus) 
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IV. TWO- AND TEN-POLE FOCUSING 

A. Introduction 


it is well known that the foir-pole field; previously discussed; 
does not have the capability of loci* r.g diatomi.cs of positive Stark 
energy (negative f 2 (J,M)). The following paper (section IV B) 
discusses fields whicn can do so, although only weakly. A * * The 


focusing geometry used is shown in Fig. 
^ additional information cone .ruing 


I\ A 1. 

\ 

these fields is given m the 


appendices of section IV. 


• | 

IV A.l Hi is focusing work was begun by Dr. K. H. Kramer using a F 

two-riole field. After considerable experimentation; it | 

"etc. 'rsar that this type of field geometry was not 
emifely satisfactory. He then designed an improved field; 
the ter.-pole field. The writer made a number of calculations 
Concerning the field; came to the conclusion that It could 
indeed focus and separate states cf positive Stark energy; 
built it, experimented with it for many geometries and condi- 
tions, and showed that it functioned as designed. 


1 
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IV A. 2 


Fig. IV A. I. Ten-pole field focusing geometry. 

A slit geometry for Che detector and beam stop is necessary 
to detect the resolved (0,0) and (1,1) - states of CsF with th= 
ten-pole field. 




GEOMETRY FOR 
TEN-POLE FIELD 
FOCUSING (SIDE VIEW) ■ 


IV A. 3 



Fig. IV A. 1 
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B. "Selection and Focusing of Polar 'Ji atomics in States of Positive 
Induced Electric Dipole Moment _smg a Ten-Pole Field," by 
T. G. ffaech, K. H. Kramer, and RJ 3. Bernstein, J. Chem. Phys. 
48, 3S78 (1968). 


(See journal article for this section.) 
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C. Appendix 1. Focusing of Polar Diatomic Molecules with a two-pole field 


1. Electrostatics 


Consider an infinitely long, straight, infinitesimally thin fila- 
ment with a certain charge per unit length. In such a case, the 
Laplace equation, V = tO, reduces to 


p’-V „ pv 

r TF 


(IV C.l) 


wnere V is the electrostatic potential due to the filament at a distance 
r from the filament. Tnsn 


V - A In l + constant 


(IV C.2) 


Now consider two parallel filaments (perpendicular to Fig. IV C.l) 
at the points -0 and Q With positive and negative charges respectively. 
Let the charges be equal m magnitude. Then 


A 1 

V = A In r, -A In r 2 = 2 ln — J 


(IV C. 3) 


The equipotential curves are 


Y, T. 

— h - z 
r x + y 


(IV C.4) 


r* Based mainly on work of K. H. Kramer and R. B. Bernstein; also 
H. Friedmann, 2. Phys. 161 , 74 (1961). 
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(IV C.5) 


Note that the equipotentials are circles* 

If one substitutes eye hndr leal bars or poles coinciding with two 
of che equipotential surfaces of equal radius for the filaments and 
lets the poles have the corresponding voltages (- V^) the field outside 
the poles is unchanged. This is because the boundary conditions are 
equivalent. 

We will new find the constant A. Ler R - radius of the poles, 
m f = ta corresponding to the surface of one of the poles. ^ 


2- 

U'*- >) 


(IV C.6) 




i ■ 

-r ' ^ | 

T 2. ! 

* — / 1 

= 

1 


(IV C. 7) 


,2 n 2 2 

d — R - a 

2 2 2 

a - d + R * 0 - 


(2ad 2 - 4ad 2 ) + (2adR >- 2adR) 4- 2a 3 + 2aR Z = 
(d + a) (a 2 + d 2 + R 2 - 2ad -'2dR 2aR) - 
(d + a) (a 2 + d 2 + R 2 + 2ad - 2dR - 2aR) 


(IV C. 9) 


_ ( * 1 ~ ^ ^ (IV C. 10) 

d U - oi + R } 


IV C.l Not to be confused with the mass m. 
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(IV C.U) 


Here -V is the potential on the pole on the right side of Fig. IV C. 1. 


(IV C. 12) 


- 7 a f of. ' g- 

' t ~- w-°-y 


We will now derive expressions useful for the discussion on 


focusing. 


Let S 




(IV C. 13) 


V ^ _d- 




(IV C.14) 


The components of the electric field (E) are 


„ = _ w ) 2X = — (iv c. is) 


E = . 2J^ , _-i 22 = (IV C. 16; 

y ?y vr\ «- /- 




"4 (IV C.l?) 


i>£_ - -i- 

9X 


(IV C.18) 


L 


(IV C. 19) 
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if = Mfr, . ^ 

9 ^ L p-s^-vj 

|? - -a^V- *- “^vyT* 

C.I i-£ 3 ~- h 'y\'l 

For small and 7| (x and y small compared Co a) 


(IV C. 20) 


(IV C. 21) 


2 j£. — 

P* ~ *XF 


Cj 1 - 2 . 1 F -tr'Y') 


(IV C. 22) 


ly~ ttTi v+ug'*-X~) 


(IV C. 23) 


where higher order terms have been neglected. 


?-£ _ -?y? *"£ 


;-g 


7 


(IV C.24) 


^• 5 ^.- -2^}( / •’’• g 1 (IV C.25) 

por small ^ and , (IVC24) and (LVC25)' reduce to 


- It ~ 7 


(IV C.2t,, 


where higher order terms have been neglected. 


2. Focusing 


IV C. 7 


We wish to find the path of a polar diatomic molecule in a two- 
pole field. Using the methods of section II, the force (F) is 


t- -vw = -Z^ 1 ~ Her,!*) S7E’ 
~V /t-I 

- 2.M a *- /. „ \r-2M 


olC"X 


" Ti^rA)E 9y 


3E 3E 

where m is the mass of the particle. E and E — are given in 
(IV C*24) ana (IV C.25). For small x and y compared to a 


as ~ 

S/Tg- „ 


&■* 

oj* 


as 

3y ~ 

a? 

- - s»V 

oS 


(IV C.31) 


(IV C. 32) 


Contour maps showing level curves of the bracketed parts of Eqs. 
(IV C.24) and (IV C.25), which are assumed to be of value one in 
Eqs. (IV C.31) and (IV C.32), are shown in Figs. IV C. 2 and IV C. 3 
respectively. 

One can solve Eqs. (IV C.29) and (IV C.30) using (IV C.31) and 
'VS C. 32' 

Case 1 i 2 (J 3 M) <0 (e.g. states (0,0), (1,1), (2,2), . . .) 

X - 'X 2.7T -Vt -h Z77 *V * t? 

0 27TV 


(IV C.33) 




Fig. IV C.2 
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y = X 2.77 vf -f- 

277 


(IV C. 34) 


where x q , y^, x q , y Q are Che conditions when a particle enters the 
field at t = 0. 


o_ \ f 'Z-JZ I 
7 r«?t / ^ 


(IV C, 35) 


The solutions are exponential ir. tne X direction, but periodic m the 
y direction. If the detector and oven have large x dissensions as 
compared to the it / dimensions (V D ^ 0^, it should be possible to 
focus states wi^ negative z^OAD <see Fig. iy B. 1). 

Case 2 . ' u Then 


x - x cos i-*U t f -2Ln— 2-7T vt: 

o 2-77" •'V 


(IV C- 36) 


y — y cc.-». tin Vt* ' 


yi^'L vrrV-i. 


(IV C 3Z) 


In. case 2 the oven and detector should have large j di-nensions. 

Note that corresponding to the frequency of oscillation of 
the molecule along one axis is 


-v =■ 


(IV C 38) 
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for focusing, A/ere and *, are the same as defined in section II. 
Using (IV C.35) 


D. Appendix 2. Ten-pole field focusing — electrostatics and force laws. 
Let a potential be written in the form of a power series in two 


V 

STl 


- F^YIYYi. 

’ * V — 


CT,/4]j 


(IV C, 39) 


For focus mg, ci'tr, ‘ 


v -/v *** y j 4 - ^ / 

^ '* ^ ] j rt / ~2^r 

'tyC*' * I- V "2. I j 


(IV C. 40) 


<7 

IV C.z ^ , .vc . canted from (IV ^.40; ana Table II C. 1, or 

one pia *JtC '.tie equation 

"7 - 5.879 £/> • f 2 (J,M) 

where 


£ * 

W! cb 

/> =, 



y<6 


and L in cm. 



t y uv le moment (debyes) 

,S - molecular weight (amu) „ 
i . Hove nt of inertia famij a ) 

Note that £ depend respectively upon 
app<>r3Lu&, molecule, and rotational state. 



dimensions including up to fifth order terms only. 

V — O ^ 0 + ft.^7] ■+ ^3 f=f S A- 5- 

a // V ^Y* 

-v a^wV* *v, - *v,^Y - **.7f ^ 

(IV D. 1) 

wacre ^ ~ ^ are reduced coordinates, ana a is a constant 

vmca aefe^r jes the physical size of the field. Some terras must be 
iero if we impose the symmetry of the two -pole field* 

VfO/ / - 0, a 0 = a 2 = a 5 = a 9 = a^ = a, 0 = 0 

V( r ) = V(i? a 6 = a 7 = ^ - 0 

vcr.^ ) = -v<-F>?f a 3 = a 10 = a 12 - ° av d.2) 

Then 

t 

v “ <;t , ^ ' «.* ^ ^ S*7; - t* J 7 Y'Y (IV D ‘ 3a) 

^fSV 

'1 V (IV D.4a) 

e 7^ 55 A- - - 2 ~ 2 - £ ^/ r p tr ^ 
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If Eqs. (IV D. 4a), (IV D.5a), and (IV D.8) ate substituted into 
Eq- (II A. 3), and only terms of third order or less in 0 and 7^ are 
included, one finds 



^ Vl 

for small and Tf . 


(IV D, 14) 









(IV D. 15) 


IV D. 1 It is convenient if a L - V , but not necessary. If Instead 

one let = %V , this wou?d correspond to displacing the field 
poles out from the center and changing their shape. Except 
for particles which may strike the poles, the trajectories 
and E are the same for a given a 
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Note that (IV D;3b)and (X^O.15)' describe a capacitor foi. 0C = 0, 






^f2L = — 

55 s -- - csy 1 


■9 &y\ ^ 


F - />*■ 'tgi' A_- 


where m = particle mass. 


V 


I# 

from (II A. 3) . If we let 

k. J«-,V 


C*/4 


2" J 


- 3* X V+3*V : + 7* V'lf u*y)] (vl D 

- 3 d V 6 - <U*g 3 7} *■- V IV V - 3* 3 ^ 


(IV D.20) 


IV D. 6 


IV D. 7 


The brackered parts of Eq 6. (IV D. 19) and (IV D.20) are shown in 
. ik*- IV D. i and LV D. 2. 

Note chat since K txz cL , each of the two equations above goss 
into the other <js oO d / — *5 , IF - ^ ^7 - 

This suggests chat one can bull- different fields with identical 

io» using prop« ties by rotating one field on its axis with respect to 
tie oifle^ b, y0° and changing the sign of o(, (see Fig. IV D.3 
aoc r.g. L D (*). 

Just as for the t, 1 '■z.e field, to first order 


» k' ^ 


(IV D. 21) 


•> =-/<>) 

/; 't 


(IV D.22) 


For positive K <" 0 ) 


'1 ' >/ -/• . ^ 4 ^ 1 . )Tk ± 

l ° in? 


(IV D.23) 


inr 


(IV D.24) 


For ^ = 0, 


0/ - ^ \Tk-c 


XIV D. 25) 


^ F 

Fig. IV D. 1 Level curves of — (or r — - — ) for &C =4 1/3. 

Kg j,M ax 

Note on comparison with Fig. IV C.2 that the ten-pole field curves 
indicate a more nearly harmonic force in x-direction over a wide range 
of - and . 


For focusing, rr . 


7T~ y 

u 


(IV ’D, 26) 
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Fig, IV D.2. Level curves of -3 L(o 

K'K 


k J,M 


) for’ _ 


The force in Che y (or^j ) direction is nearly harmonic for ?J 
not too large. Compare with Fig, IV C.3. 




xv mu 

Fig. IV D.3 Ten-pole equipotential lines ( cC - + 1/3). 

V 

The numbers next to each curve indicate — , where V is the 

a i 

potential (in the experiment a. = V ). A V = 0 line is shown near 

1 o 

- 1. This suggests that one might replace this ten-pole field 
with a two -pole field and two grounded planes. 










IV D.15 


Then, for the ten-pole field (with = V q ) 


for focusing of a given state where the voltage on any field electrode 

is + V . 

— o 


/ frr. m )l 





IV E.l 


E. Appendix 3. Second approximation in ten-pole field focusing. 

1* Trajectories (7| coordinate for f 2 (J,M) < 0) 

If one neglects terms above third order in and g , the . 
equations of motion for a he terotUx clear diatomic molecule (Xstate) 
in a ten-pole field are (see Eqs. (IV D. 19) and (IV D.20)): 

Kg ( < IVE - L > 



1^1 - -Kl\ (/ - UoL 


(IV E. 2) 


where oC depends only on the shape of the fields and K depends on 
the apparatus, the molecule, and the quantum state (J,M). 

IV E 1 

Two important facts should be noted from these equations: 

a) The g* and ~)j motions are independent of each other in this 
approximation . 

b) Trajectories with turning points in either coordinate (e.g., 

0 ac a turning point for are symmetric in that coordinate 

about the turning points. To see this, note that there is no force 
^ along the z axis of the field. Then v is independent of t and of 3. 


« V 

di cl'Zi 


(IV E.3) 


IV E.l The corresponding equations for the two-pole field are: 

1 [ 
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IV E. 2 


IV E. 3 




dt' “ <1,E ' 1> 

Let z -Z Q 2 t a turning point one exists). Note that the 
iast eouatie-i 13 the sare for differential changes in the + z or - z 
directions as are the conditions at z z z. 


v/f %h.) = /fl?D 

U-^4. w*y 2 . 


(IV E. 5) 




Therefore the trajector.es in the + : 


cal 


IV E 2 


ana - z directions are identi- 


1 e. « symmetric ^nd about z 


fro.T. this point on in this section, the main concern will be the 
1\ equation ct motion for positive Kandcfand 4«C^ 2 < 1. From 
$V E. 1) or* . finds 


<<2i 

M -t 


• Z. 


Z-Tf'ty m -* Ar7 lO-‘/*>J*)')i (IVE.6) 


' ~ xK £ 




A 

XL J-% 


(IV E.7) 


IV E. 2 It IS not necess ai y that ^~) 7 - since the 

J? and >j motions are independent. ° 


where 

% 

— L oL -t- o 


(IV 

E.8) 

dL = 




(IV 

E.9) 


/C- 





Let D' = 

c 

+ V - V 


(IV 

E. 10) 


< 




Then t = 

r 

J 

0 cC’h 


(IV 

E.1<L) 


St 

yfb - 2 ‘ * H 



£q. 

(IV E. 11) 

may be recognized as an elliptic 

integral. 

It 

may 


be put into a standard form by substitutions so tables may be used. 

P y - Tf V 2-^i- 0 - a ' ( / - £r * ^0 3 25 


D'O-/’ 

l*)( *V) = 


op-p 

1 J 

(IV E. 12) 

2 ,2 

Then g + h = 

•V 

(IV E. 13) 

«v- 

SL S 

T 

(IV E. 14) 



IV E.5 


2 

3 = 


ipzp- 


a*- 4? + 


IV E.4 


(IV E. 15) 


(IV E. 16) 


b' t> 

The last equation must also hold for ^ replaced by g. 

* 2 - k. ( i> + - 4 ^9 E - 17) 

S 2 j/p 7 * - ~~^~p ) ' h'0'^-^ r X B. 18) 

Let h "V| El 


(IV E. 19) 


dT = hdj 


(IV E.20) 


Let f = k ^ 1 
h 


/ I - t/ I- -2*2? 
V / “i- ^ - ?>*/>' 


(IV E.21) 


(IV E. 22) 


Substituting (IV E. 19) and (IV E.21) in (IV E.12), one finds 


o'- ")/ V,?*')} v = p'O-A-rVC /- ' 7 ” 1 0 (IV E - 23 > 


Using (IV E.20) and (IV £.23) in (IV E.ll): 




tCT- 


Kt>* * J Tm \!Q- 'k'rvc /- ) 


(IV E. 24) 


Let T;sin <j) ^ ! 


(IV E. 25 


iJ Jd 7f=T 


<jf o / / — 


(f(k^)-F(k^ 0 )) = 


XI 


( , * t~( * a ■>) - F u, fS) 

\K ( 1+1 V 


where F *» elliptic integral of first kind. 


(IV E. 26) 


x 2 ? (A 7 Z) - % <£) 


It is know« tnat F(k,mrt) - 2m Jx (M,} 


(IV E.27) 


(IV E. 28) 


where m - integer or half integer so that if one integrates over tf in 

(IV E. 26), one finds % T - ^ where 7*' = (IV E.29) 

ii 

period of motion, since T, (and therefore 1\ ) goes through a maximum and 
Tj comes to ->[ o over the time % T • Since T «= 1 at its maximum. 


'Oi M J— -=x I x0 ' - . I (IV E. 30) 

/(max ^ V V/ - ?<**_ V UoC 

One can also derive this result by noting that 'Tf - 0 at ^ ~^? max 
in (IV E.1G). 

This discussion after this point will be confined to the special 
case for which 0^ = 0 (i.e., infinitesimal slit width). 

»-® , <'J| 0 -o> = 2L 

A 


*? 




IV E.3 Note that (IV E.32) and (IV E.33) correspond (as they must), 
for suitable redefinition of K and a, to the first order solu- 
tion to the two-pole field. 



IV E.7 


IV E.4 ^ - JL 


(IV E.38) 


Let us define 


-/A- ' \<“ 


'T c*-°) 


(IV E.09) 


Then, using (IV E.30) and (IV E.3d> 

j\ - ^32— - 


7 rv S i/lf 


Using (IV E. 17) * 


3- Z(J^) 


} + |// ^ 


Note that k = k(<^ D ) fee" Cl* E 22 >j lhen 


(IV E.4G[) 


(IV E,41) 


- -A *) 


(IV E. 42) 


Tjhxch is an important result. If et D = ± . then k - 1 (see (IV E.22)), 




(IV E.43) 


The solutions are plotted ir jLs* IV E 1. 


(IV E.44) 


IV E. 4 This result also follows from (IV E.30) since S" <T^ - 



IV E.8 


Fig. IV E.l. j\ versus [/ Ifiei 

The graph is correct for the second approximation for 
trajectories if kj M positive, positive, ">j q - 0, or for 
if fcj M negative, ^ negative, = 0. 





IV E, 10 


Solutions for 

oC D > g are not given 

here. 


Note that for 



(IV E. 45) 


t> ~4< 


(IV E.46) 

From (IV E.30) 

'h = p 

- fyO* 

(IV E. 47) 

or 

U^y}*- .= / 

1 /*/*A 


(IV E. 48) 


Compare this result with (IV E.l). The corresponding ^ ^ can be 
taken from (IV S. 46) ~ | / ^4^6 = maximum 7? (IV E.49) 

above which particles are accelerated away from the ~)| = 0 plane. 

A sketch of the trajectories for the second approximation may 


help in understanding some of preceding. 


IV E.U 


Trajectories are for one state and velocity. In addition. Fig. IV E.2 
shows trajectories for both first and second order approximations. 

3. Trajectories ( ^ coordinate for ^ 

The solution for negative K is very similar to that for 
with positive K. Note that Eq. (IV E.2)^ (IV E.l) if one makes 
the following substitutions. 

cK- ^ ~ ^ 

'H,'n. r >i — *•: sc s 


— > - K(-) (i.e., K is now negative) 


-K 


(a positive value) 


(IV E.50) 


- K 




(XV E.51) 


Equations (IV E.3) to (IV E. 14) hold with these substitutions, g and h 
will-be redefined to keep g real. The new equivalent to Eq. (IV E.15) 

is: p* - " 'p 7 '^ ) = 




■ (IV E.52) 






IV E-12 


Fig. IV E.2 Ten- pole field trajectories . 

A sine wave and a second order trajectory are shown for the 
sam<; ^ o (with D - 0.1875, oC = ). If K (or V Q ) is raised 

(D = 0.154), the trajectory shows focusing for a smaller or 'J' . 

Note that 7^ is proportional to a here. 





Fig. IV E.2 



(5 


- 


(IV E.53) 


o'V 


(IV e.54) 


(IV E. 55) 


Substitute Eq. (IV E.55) in (IV E.53). 


H 2 __ 


(IV E. 56) 


V- -id- i 1^9” e - ! ” 

Similarly J. ^ ^ (IV E.58) 


(IV E. 58) 


a. ^6 

_ — o 


(IV E. 59) 


4 i' -i/£A civ 


Eqs. (IV E.53) and (IV E.54) are satisfied if we use only the plus signs 
or only the minus signs in (IV E.58) and (IV E.60). The plus signs will 
be used so g and h are real. 


( - / -+Vm^D 0 


(IV E.61) 


( / + i fF+ r*~P) 


(IV E.62) 




/ + /y ^ ^ << D 


Ug ’o'-r 


Substitute (IV E. 63) and (IV E-64) in (IV E.52). 


o'</-> ? x s*X'- 4 '£V~ 

o' C !* ^'"T'-)( /- 7 ”-) 


The Jp integral equivalent to (IV E.27) is 


I A J T U)+ c^tV( /-r 1 . 


Let cos 0 = T 


(IV E. 68) 


/ + C 


'*■ ( t '/TTTZu? ) 


(IV E.69). 





IV E .2$ 

Then (IV E.67) becocies 



Using (I\T E. 62), (IV E.63), and the last part of (IV E.51), one finds 



IV E. 17 


Using Eq. (IV E.28), one finds 


-4 r 


*-KcA) 


'-KV 


Since T 3 1 at the maximum 0 for each trajectory. 


r , J- 
h 


? +y / + ? ^ p* 


> 


v T' = 


zl v (A) 

'-/(V ) ■+■ 7c<£>' 


For e<-> 0 with K kept constant, or for negligible ^ compared 
to 1, one finds that k^O (IV E. 7 

from Eq. (IV E.69). Then from Eq. (IV E.71), for 0 = 0, 


rr^ - < 


j£( °) 


(IV E. 78) 


F(oJ) - 


(IV E.79) 




(IV E.80) 


fpCa^C- 


(IV E.81) 


IV E.18 


Using Eq. (IV E.3S), (IV E.75), and the equation 


V - L V 7" 


2 JLLil 

7T ]/ / + 


Since k is a function only of oC & (see (IV E.69)),,fo*’ 7f e 0, 


y\ - 


(IV E*84) 


IV F. 1 


F. Appendix 4. Alternate gradient focusing using two two- (or ten-)pole 
fields. 

A rather general analysis of alternate gradient focusing of beams 
of polar molecules has been presented by Wharton et alV* F * 1 The 
following treatment is confined tc the consideration of one arrangement, 
which was thought worthy of experimental investigation. 

The configuration is shown m the sketch. Consider the result of 



an experiment with a second two- (or ten-)pole field rotated 90° with 
respect to the first for a diatomic with negative To f irst 

order, from a to b: 43- = — Kl4 (IV F.l 


"H - 2L 

me 


(IV F.2) 


IV F.l See reference IV B.9. Also see A, Septier (Ed,), "Focusing 
of Charged Particles, 1 ' (Academic Press, New York, 1967), 
Vol. I, p. 368. 


IV F.2 


'H - 1 ff tr 


(IV F.3) 


From b to c; 


- x'K 


(IV F.4) 


fK Ct -f jffc iff(ir-tj) 

* VT< 

— Cjrtf f i~t -"tf) t2k Ct-Z. fK'fc/r. ^ 

^ {0? (IV. P.5) 


Set = o at t = t^j then 


7X^ /IT t b = -tanh 1/ K(t c ~t ) 


(IV F.6) 


Note that this condition for focusing holds independent of Of 
If one knew t b and one could find J^T (and thereby the 

necessary voltage V Q ). Assume t b = JL t c and tanh /Tt b - 1 since 

^" t b ^ -S- to have ^ between the two fields and since 

tanh ^ > P , 9 o . Then tan ^ % = -1 (IV F .7) 


fK % 


rather than the 


(IV F.8) 


for sine wave focusing). 




(IV F.9) 


IV F.3 


ft = ir^ = 


(IV. F. 10) 


For the normal configuration (both fields "parallel 11 ) 


fK - 


Since |/1T~ V , 


>2 V o 


~ iff? C W £ m *- - 

f?r c - T^Lj) - 

’ 7r ^ ~&~+ Kf ^C<rT-dl 7T^ m O Qy F1 

The slope of the trajectories at the detector is nearly zero* 

It is also possible that the positive f^ ( / Af ) states will 
be focused in the same plane (see sketch). 


BXPonzmtml 
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IV F.4 


a to b: 

a*k 

V*- 2 - 

- Kl\ 

(i V F. 14) 

7r 

- i. 

\Tk 

■ J~K -t~ 

(IV F. 15) 

'H 

- 7l 
1 0 

i/~k £- 

(IV F. 16) 

b to c: 

d *1f 
d^ 

= - /cTf 

(IV F. 17) 


1 ] 


*yi 

fic-tr^c^fK (-t'-t:^) (IV F . 18) 

Set = o at c - 

tan ^T(t c -t b ) = -tanh J/TT t fa (IV F. 19) 


i« t. = 4 t 
b z- c 


tan /T = -tanh /iT” T^j, as before. 


(IV F.20) 


so that one expects V 


alt 1 


% v ° 


normal 


(IV F*21) 


Note 


that cosh \/~Y t fe cos j/T t b 

’ '^j 0 sinh /Tt b sm l/T t b 


(IV F.22) 


This would indicate that one might dicnramate against positive 
f 2 ( ^7^ ) states by allowing only trajectories of low slope to hit 

the detector (see sketch). 



£ > o 




The above analysis led to the decision that it was worthwhile to 
attempt alternate gradient focusing or the negative states 

with ten-pole fields* The experiments indicated that the percent 
focused (i.e* focusing yield) was only about as much as usually 
found (ca 0.1%) m the normal ten-pole focusing; moreover, it was 
not possible to obtain as good a resolution* The problem may have 
been that of a magnification of the image at the detector, as 
discussed in section III E. However^ the results were inconclusive 
as insufficient effort was spent in testing the method with the 
ten-pole fields* 




IV G, 1 


G. Appendix 5. Description of computer program for intensity dxstrx- 


A computer program (in Foreran IV) has been written to simulate 
the trajectories of particles m a two- or ten-pole field, A sample is 
given here for focusing particles of negative The inte- 

gration of the differential equations is carried out using the trapezoidal 


| rule . The program ‘follow^* particles wit t givs.i ^[o 

and velocity, each with an initial V . Ibis u* repeated with V 

o ° 

changed until the particle siri<as the ’'detector" ()fz- or yz - plane ) 
close to the detector. A final trajectory rot each of the given 
initial conditions rejects particles which hit tne ceam stop, a field 
rod, etc, 

A weighting factor is used to calculate the contribution of each 
particle to the intensity. This is because for given initial conditions, 
the particle will hit the detector for a range of V , £> V . 


where V and 


* v - & (&L. A " 

/'■3 V.) 

( ~y are the values for £ 
/fr&cvs 


(IV G.l) 


y are the values for a trajectory which leads 
'foc.»s 


|to the detector- For such a trajectory and a circular cylindrical 

*2^ — 

(wire) detector, £ L = — ^ ^ " (IV G.2 


Vwire; aececcor, l , = (IV G * 2 ) 

where *s the wire radius ana <£> is the angle oe tween the 

trajectory and the Z axis at the detector (see sketch on the following 
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IV G. 2 


The value of .A V q (or of «J) serves as a weighting factor. 

Finally the relative intensity within given ranges of 
is tabulated. 

By trial and error, initial v.oTtir.ations of values of the 
starting parameters (e.g,, the range of for given §; q 

over which particles might strike the detec: or) wive chosen. 

The sample program follows. Sesnlfs are shown in Fig. IV G. I. 


\ 


\ 



4 


51 /T 


IV G. 3 


(M »M fM n »K 
. » m < <C < < r 
H V » V < I 

»«««•«<•' 
ii n to ir »n o', oi n r 

.v a h ii ii ii ii ii 

• C L (ft I I ^ III II ’ > 


5 fH ^ rn -4“ (IW3 ^ n > ■> 1 r\l \'1 *r «JTi o *'"■ o 

.-I r*n —1 <~V «*-l H -H •( ^ <\J M *M ■T\l <\f i\| 4 *M M n 




31 

32 

33 

34 

35 

36 

37 
36 
35 
40 
*rl 

42 

43 

44 

45 

46 

47 
43 
45 
50 

52 
55 

54 
'jb 
5o 
37 

53 

55 
60 
61 


43 rlXJOtJlJ-O* 

TOT I =0«0 

TP=2*0828/UT 

,NT*TP 

63T “ • 3850202* TP 
0T5= • 5*0T 
IV&=4 

C VARY VELOCITY 

00 15 IV-33 • 112 t iVi) 

piv=iv 

C FUR 13*5 PuRu-AiT VELOCITY StLiCTOK 

C HP VS* IV IS TRIAaLLc OF A*:./. QXz 

HvT In/) — (13* 3^A^br IPiV-i 00 • ) ) /Ib2-25 J * W-> 

PlV=PiV/130. 

,\5S=u5T/PW/36D* 

C VARY ETA AttGU 

DO 13 11=200,110^,25 
rLPl=il'*PW 
C VARY XI AT T=0 

00 15 J 1 = 5 > 5 » 5 
J-Jl-1 

J1000»J*l 10000/ W)': 10 

Jl;,G 0 = Ji000<500Uu*'' JMv'1^3/ 1060000/ 1/54 
J ,C30=JlJvC • I l*J/2 

t :s -.07 amj ,.o/ rjR iv k-a. 

c fo.’ is i ,.•<.>!:< ;.wja: is,;s ovlx cos°i.;Ti. t ,-:,\j^ctosv 

i* lO=-9.;0“J100^ 

Q V ARY Xl A'. 1 *. I- Ci 

Oo 15 A 1 - 1 xt 0 , 22 0^ 1 30 0 


10. 



62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 
7 :> 
/6 

77 

78 
7y 
80 
8 1 
62 
83 
34 
85 
at 
oV 
83 
o / 

J'j 


V“- IV* tlt+0*0CO4« U+.U00J2M 11/100) **4; 

FC- v*-V* 117 942 1 • 

1 dis0 = 0 
v -= 1 

c :.\cljdh megat iv- x j di 

< = ^l*r<L0 

*PIV 

” T ~ 1 =0 • 

102 *.dgi 

* - c,TA J I *ouRX 
£“ i^2 = c.TA01 

/■ :=o.i*j 

x:oi= flp*«*ocoi 

x:d:=xidi*$cric 

%. :4=xu2*xu* 

. : :6*xii4«xui 

a: 3*1 = 1 2 ♦ 4 8 < 1 12 i V ♦ “/i2*\ l i*.- 3 • iw y X 1 lo ) /2 # 

X : ; 2 = r C*X 1 1*’ X I JU 1 OT^X l J 1 
/.I^^XU+tXIDl-^X iu2)>:OT5 

^ V.- ETA'Dl^OT +ji!A3 

3 -j 

0 r ». 'w_ Lr I r F „ **« C 1 1 f Ir\L bJtJn T I Gi iJ *" *AY w- C^v^'Ll- J 

* = 

„ * ^ 1 'w/ l ‘ 2 

'Iv, 

.1: *4-1 1 

c 7 A «, 6 ' • •" Aii*i 4 * t J / . 

. . , * . u - k i i 2 / * *' i . 


IV G.4 XV G. 5 


62 


Xl&12<r«t.TA2?4Xl(.r2 

y 3 


Xl£l42=XI 2i*XUT2 

$*, 


fcITAl>J2*-FL*£l*2 

9l> 


XlD02*FCftXl2 

96 


tTAU02»£r/002ttU*~d*LTA22-::SXI 24 L J**X 1 iT2^C *£l A^4-r*X l 26-O’V. It T4,. 

W 


lHj*X!ST2<r-F»&TA26)/2. 

98 


MD^2»Al^W*t2-K-#xl22hC*x:24n>*Xi5.12-::*:.TAi:'*+F*XUo*o'»x!cr*r^ 

99 


i +G^A l L T 24 +) #■" IV 2u ) / 2 • 

luo 


lTA03 = :,TA01+2.HvI * - TA102 

iol 


XlDJ*XlUl*2^JT^Xl^<» 

1*2 

C 

FORM £TA3«K£w cTa2 

103 


£TA2=£TA2+JT5*( cTAj2+tTAj3) 

1*4 


Xl2=XI2+OT3*tX2U^ + Xl6'3) 

l03 


£TADl*e.TAD2 

1 


XIOi=XID2 

i 67 


E£TA02»£TAJd 

1*6 


XID2=XIJ3 

109 


IF («35F(xI2»-2*00I1i1»<i 

liv 

1 

IF {£Tm2~jl. 5)2*5 >3 

111 

3 

PKI i^T 6 

112 

5 

FORMAT t 9H ETA niSH) 

113 


PRIK7 10* STn2 * X 1 2 * 1 1 * n * Jy IV* iN » '' 

1 *• ", 


60 TO 1? 

m 

2 

If <£742)103*103,45 

1 16 

45 

IT CJ-.ldSi 3*43* .3 

117 

C 

Ra'UOsH 6 PERCENT Wrl£M COnPAR I NO 11 rf *.«P£R I ^:.\ l 7 

*1S 

*49 

IF M02-1.---100) 149*500*2^0 

115 

20* 

- Kl n r 201 

12* 

20] 

rCR. «A7 ill A fTAL* IS t ) 

121 


GO TO 13 



1 


122 

149 

ir (KziHJ-l) 150*110*110 

123 

11J 

IF (ETA2-.1156) 47,47*111 

124 

111 

ir IETA2-.4325) 150*47,47 

123 

47 

°R I Ml 48* AKouA*Xl2*il*A* J* IV* 

126 

45 

FORMAT 12E16.3, 13, 17* 13* 213* 

127 


30 TO 15 

123 

130 

0iLTAT=~ETA2/cTAj2 

129 


FLPM«N*DT+i)ElTAT 

130 


XI2-XI2+X I02^DllTAT 

131 


GO TO 6 

132 

103 

FLPN-N *DT 

143 


X 1 2 s X i 2“ £TA2/c.TA02*Xl~-2 

144 

6 

A.uSOA^rLPiN/i • 0414 

133 


A* < ,BOA»AM30A«PIV«460» 

136 

17 

PRINT 10* Ai v e£Da * X I 2 * 1 1 * A * J* IV* 

137 

10 

FORMAT (2di6«6» ij, 17* I3i 2!5* 

133 


V2 = VI 

139 


V 1 = V 

140 


Ai 180^ 2 = AM4*1 A 1 

141 


A/.80Al=AMcJOA 

142 


0IFF* ; AM30A-li 

143 


Ir lr',-2) 10 x , 105 >133 

1 44 

xOl 

v'-V+O 1 F F / 1 j 2i/\' /r\l\-SJ f \ 

143 


o'j 10 ‘JO 

146 

10;, 

^uDV^tA^cJoAl-M^AZ) /(V1-V2 ) 

147 


> - V“i> I r F / l>L 0 V 

148 

106 

*? ( i OivU" j. ) 5 1 , 1 Ou » 100 

149 

51 

Jr t A w**F ( *✓ I Fr J - •03)52*3 2 * 1 D I 

136 

151 

IF 50*30,3^ 

131 

32 

I LMi) '1 

132 

3- 

r C-”V^ V^ 1 J 7 V 4 *, 1 • 


N*V 

til6*3»l*rh HIT otiAri STOP) 


N»V 

ti6.S) 


$ 


s 


i # *> AI K 9*3 AI 


l3i 

134 

1P5 

156 

157 
1p8 
139 
160 
lol 
162 
16) 
low 
io3 
1 66 
167 
163 
io » 


x t * 
1 ^ 
17 j 

1 / T 

17^ 

176 

177 
173 
x7* 
io^ 

lo x 
1 04 




M* MtI 


GO TO 102 

10* IF (AdaF<XI2>-«7V>104»lUfttft 

4 PR I i\T 7 * AMl>0A»Xl2 > 1 1 *><• » J» IV* M»V 
7 FORMAT (2C16.6* t3i 1 7 » 1 1 » 213* t.l6.8*3rt XI 


HluH) 


GO TO *13 
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Fig. VI G.l. The expected intensity distribution versus V q for 
ten- pole focused peaks. 

To the first approximation the peaks should appear at 
The "noise* 1 is due to the poor statistics associated with the relatively 
few trajectories. 


INTENSITY 








ZV R.l 



H» Appendix 6. Other possible applications of two- or ten-pole fields 

The preceding sections demonstrate focusing of particles with 
second order Stark effects with the two- and ten-pole fields. However, 
it has not been mentioned that they should also focus particles with a 
first order otark effect (such as symmetric top molecules). In such a 
case, - VW *C ±. V H . FromEqs. (XV C.20) 

and (IV C.21) (or using (IV D.15) for the ten-pole field) one can see 
that, to first order, such particles should be focused in the same manner 
as linear molecules. 

This also suggests that one might similarly focus linear molecules 
using a section of the y^ eff curve (say for J,M = 0,0, from Y = 3 to 5) 
where C l + C \ 2 E and W-W q <*C Cj^E + C 2 E 2 where and 

C 2 are constants. 

Fields with potentials similar to, but not the same as that of 
Eq. IV D.3b might be designed to give good focusing for the experiments 
suggested here. 

Table IV 11.1 gives a comparison of electrostatic focusing techniques 
for polar molecules. 


Table IV H.l ELECTROSTATIC FOCUSING FIELDS FOR POLAR MOLECULES 



See reference IV B.3. 

The percent focused depends strongly upon the geometry used. Also, a large percent focused 
could still mean a small intensity if detector or oven oriface sizes are small. 




* Parts of this section are common to the theses of R* J. Eeuhler, Jr* 
and this writer* 

V A.l The stainless steel vacuum envelope was a gift of General Dynamics 

(Convair-Astronautics Division), San Diego, Calif, to the research 
group. It has been acknowledged in ref. V B.3* 

V A. 2 This quick coupling is not shown xn Fig. V A. 2 , but it is 

opposite the quick- coupling at (c). 
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Fig. V A . 1 Photograph (overall view) of the molecular beam apparatus. 

The vacuum chamber consists of two stainless steel cylinders 
( 3^ " thick wall) and a brass oven chamber (on the right). The 
detector assembly is at the top left (see Figs. V C. 3C and V C.4C) 
with the B- oven flange and the pu..ip control panel (see Fig. V A. 4, 
below. Two liquid nitrogen traps (’’hat-shaped'') fit on top of the 
center section (see Fig. V A.5B). A liquid nitrogen reservoir leads 
to the oven trap (see Fig. V A.5A) anu another to a trap surrounding 
the detector wire and ion optics (lig. V C.3A). One of two liquid 
nitrogen coded baffles and an oil diffusion pump are visible below. 

The larger steel cylinder may be heated electrically to ^ 65°C 
(to help in degassing it), by heating wires beneath an asbestos layer 

Some of the extraneous background apparatus is not directly used 
in the experiments. 

Farther details are given in Fig. V A. 2. 
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Fig. V A.l 
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Fig. V A. 2 Diagram of vacuum envelope- 

port sizes (l.D. ) and flange diameters in inches are shown. 

a. A-oven, electrical feedthroughs, and water cooling attached 
to flange. 

b. Three screws on flange to adjust oven position. 

c. quick coupling for ion gauge tube. 

d. Below chamber. 2 l.D. pipe to 3"*/^ " flange. Gate 

valve (Consolidated Vacuum Corp. (CVC) type VCS-21) and 
CVC oil diffusion pump (PMC- 115) attached. 

e. “Quick-coupling" for liquid nitrogen trap. 

f. Electrical feedthroughs. 

g. Liquid nitrogen traps (top). 

h. Window or waveguide feedthrough. 

i. Ion gauge. 

j. Cryo-baffle; National Research Corp. (NRC) model 0315-1-006 
Six inch CVC oil diffusion pumps (PMC 1440) attached. 

k. Goniometer (top) with detector assembly (detector filaments 
ion optics, mass filter, and electron multiplier). Liquid 
nitrogen trap around detector filaments. 

l. B-oven. 

m. Window attached. 

n. Ion optics and detector wire electrical feedthroughs. Also 
two one inch quick couplings for B-oven liquid nitrogen 
trap. 

o. Flange may be replaced with one with a ^ / jg" center hole 
to give a separate detector chamber. 
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p. Beam stop attached. A bellows and screws are used to adjust 
the beams top position. 

q. Four high voltage feedthroughs for focusing fields. 
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Fig. V A. 2 
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Fig. V A. 3 Apparatus views 

A. A second view of the apparatus (taken from the other side). 
The water cooled oven chamber is seen (left). Attached to the three 
side flangtti are (from left to right) high voltage feedthroughs 
(shielded) the control rod for the movable beam stop, or "obstacle" 
and detector system electrical feedthroughs. Quick couplings used 
for the B-oven liquid nitrogen trap are also on the last flange. 

B. Two young (in 1965) graduate students; Robert J. Beuhler, Jr. 
(left) and Theodore G. Waech, who used the apparatus after the initial 
work of Dr. K. H. Kramer, are shown with the partially dismantled 
apparatus and a chart full of noise. 
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Fig. V A. 4 The vacuum pump control panel. 

It is designed to protect the vacuum system from overheating 
or oxidizing of diffusion pump oil. A diffusion pump (DPI, D?2, or 
DP3) heater cannot oe operated if the vacuum envelope pressure is 
above / toir, if neither rotary pump (RP1 or RP2) is on, or if 

no water is flowing through its cooling coils (see Fig. V A.l). 

Sy S 2 DPST toggle switches (for RPl and RP2 respectively) 

s_, S S_ SPST toggle switches (for DPI, DP2, and DP3) 

3' 4 5 

CRl, CR2, CIO, C** control relays 

FI, FI, FI, F4, fuses (10A, 15A, 20A, 20A, and 3.2A respectively) 
VS mercury column vacuum switch 
PS l, FS2 water flow switches 
(FS1 is HcDonnel .'cdel FSl; 

PS 2 is Penn type 60S, Model 1000) 


VACUUM PUMP CONTROL PANEL 
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Fig. V A. 4 
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Fig. V A. 5 Liquid nitrogen traps, an oven, and a velocity selector disk 
A. Photograph of oven chamber liquid nitrogen trap. The oven 
"faces" this trap (copper) which condenses out A-bearu material which 
effuses at larg*.* angles with respect to the focusing field axis. 

s. Field chamber liquid nitr.. 6 en trap (inverted). This trap 
(ani another identical trap) fits on top of the vacuum envelope (see 
Fig. V A.l, top center), above the focu*iug fields. The copper attached 
piece shown may be used as a cold collimator when inserted between two 
velocity selector disks (see Fig. V B.l). The fin design of the trap 
was based on the ncepts of Ref. V A.l. 

C. A monel oven. Various front pieces can be screwed or. with 
say, a 0.007” circular hole, or, as shown here (left), with provision 
for a slit. The oven body and the front piece can be heated with 
coil* of 0.0/0” diameter tungsten wire. 

D. An aluminum velocity selector disk. It has sixty teeth and 
sixty slots (see Fig. V B.l). 


V A.l G. Scoles, C. J. N. Van den Meijdenberg, J. W. Bredewout, and 
J J M Beenaker, Physic a 31 . 233 (1965). 
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Fig. V A. 5 
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B. Velocity selector 

The velocity selector consists of disks on a rotor (see Figs. 

V A.5D and V B.l). The velocity of particles transmitted through 

"open channels" of the selector is proportional to the rate of 

V B 1 V B 2 

rotation * of the disk assembly by a motor. * When a maxvellian 

beam is velocity selected at its most probable velocity, about l/20th 

of the beam is transmitted. 

Using the notation of ref. V B.l and Fig. V B.2 (not to be con- 
fused with that of other sections of this thesis), the resolution and 
peak transmitted velocity can be found. 

The nominal velocity may be correlated with f(Ha), the frequency 
of the oscillator which controls the motor. For the given motor, 

UJ ^ rr f- 


— L 


LsJ 

9 


L 


-rr^rf 


= L 


6 ° X, f 


/rf'o ( S*"/ /H-X*,') 


O, ^oo f- 


V B.l See H. 0. Hostettler and R. B. Bernstein, Rev. Sci. Ir.str . 31. 

872 (1960), for details. 

V B.2 Barden S38H5 bearings are used for the motor and Fafnir 

MM20EXC2 CR bearings are used for the rotor. 
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The resolution may be calculated using values given in Fig. V B.2. 

=- - 0^0)6. 2. c 

A' L 


1 * 




R = resolution 


r 

ibl 


''T 


0.137 


Then the selector has a resolution (FWHM) of 13. 7T 



/- /* 

/ts: 



>* /S 


i+r 


1.157 


0.884 
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Fig. V B.l The assembled velocity selector. 

The velocity selector is positioned to be used with the (four- 
pole) focusing field assembly shown.. Its motor is beneath the field 
assembly. One tooth has been removed from each of five disks so that 
the selector can transmit a beam while not rotating. A hole is drilled 
opposite each broken tooth for better balancing. A bulb and photocell 
(tight) are used to "count" the teeth as the rotor rotates. 
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Fig. V B.l 
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Fig. V B.2 Velocity selector geometry. 

Part of the "unrolled" 7 8,1 rotor is shown with an expanded 
vertical dimension. One open channel is shown. The fractions indicate 
the amount of a tooth or space bf low the horizontal line. 
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Fxg. V B.3 Velocity selector circuit. 

With this circuit the velocity selector could select beams with 
velocities from essentially zero to about 500 m/sec, depending upon 
the alignment of the rotor with respect to the motor, the bearing 
grease CApiezon K was used copiously), etc. The synchronous 
motor turns at half the audio generator frequency if it is "in sync." 
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C. Detector system 

A detector system diagram is shown in Fig* V C.l- Lock-in 
detection is utilized with a chopped .AC beam although an electrometer 
can be used for unchopped (DC) beams* Detection is by surface ionization, 
but again one has anotner option. A thoriated tungsten ribbon may be 
used as an electron bombardment source to ionize the beam molecules. 

Figs. V C.2 * V C.4 show parts of the detector system. 
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Fig. V C,1 Detector system diagram. 

The molecular beam is ionized on the surface of platinum - 
tungsten ribbon (A) or a 0.010“ diameter tungsten wire (B). The 
ions are guided into the mass filter by the ion optics (approximate 
voltages as shown). The ions are somewhat “focused 1 * by two em 2 el 
lenses (below and above mass filter). The ions are accelerated 
into the electron multiplier, where they are “converted* 1 to elections 
and the current amplified. The multiplier signal goes to tne cathode 
follower (see Fig. V C.2), and then to a phase sensitive detector, 
(model RJB lock-in amplifier, Electronics, Missiles and Communications, 
Inc. , Mt. Vernon, N. Y,). The reference signal for the lock-in, from 
a light chopped synchrononly with the molecular beam, comes from a 
photocell (see Fig. V C.5A). The rectified output signal from the 
lock-in is displayed on a recorder (Leeds & Horthrup Speedomax G, 
model S - 60,000 series) for easy viewing. 
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Fig. V C-2 Cathode follower circuit. 


| Half of a 12AT7 electron cube is used. See Fig. V C.7 

I 

i 

! 
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Fig. V C.3 Detector assembly photographs, 

A. Ion optics on end of mass filter. The ion optics of Fig* V C*1 
is more recent. 

B. Ion optics components. At rh? upper left a detector wire is 
spot welded to crinkled nickle foil on a stainless steel holder.* A 
dismantled holder is at the right. An lor. cities plate is placed 
below these. 

C. Dismantled detector assembly. The quadtupole mass-filter is 
at right. Its height can be adjusted by the use of gears (ltrft) on ' 
the three shafts. The voltages on the electron multiplier (in its 
elbow housing at the upper left) are controlled by a resistor network* 
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CHOPPER iViOTOR 

CIRCUIT 



Pig. V C.4 Chopper motor circuit 
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Fig. V C.5 Detector system photographs. 

A. Chopper motor. The chopper motor is mounted on the stainless 
steel flange on which the oven chamber is attached. The V-shaped chopper 
blades chop the beam and, synchronously, the light from a bulb shining 

on a photocell, at 25 Hz. The ampin red photocell output serves as 
the reference signal. 

B. Detector assembly on gome .ete: «.s*e Figs. V A. I *r.d V C.3). 
Tubes (minus reservoir) to right a.-* icr filling Jetector liquid 
nitrogen trap. 

C. Glass rack* It is used for holding gss«s to be used in 
forming a beam or in activating or deactivating detuctoi filaments. 

D. View of detector end of apparatus. The liquid nitrogen trap 
surrounding the ion optics is clearly visible. A four-pole field 
assembly and microwave horn are in the background. Components such 
as the field assemblies and the velocity selector are attached to the 
angle steel as shown. See Fig. V D.1B. 


.» 
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Fig. V C.6 Liquid nicrogen trap surrounding detector assembly. 

The trap is shown below a platinum -tungsten filaceat holder 
(see Fig. V C.3). The two liquid nitrogen connections (one is illu- 
strated with a flexible copper tube) lead to a reservoir (see Fig. VA.l). 
The beam enters through a rectangu^r channel 0.200" ^ide. The 
copper tube (right) is, in use, soldered to the trap. 
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Fig. V C.7 DC power supply. 

This power supply gives 6.3V^ to heat the elect-on tube filament, 
in the cathode follower, (see rig. V C.2). The 1.5 V^- and U.6 \' AC 
outputs can be used to run bulbs vr.o.-e Light is chopper and goes to 
a photocell. This is done to geo a ^ Hz lock-in refu ^nce signal, and 
also, by "counting” selector teeth, to determine the .-iocity of 
molecules transmitted by the velocity select, i . 
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D . Focus mg Fi 1 ds - 


The focusing field assemblies consist of steal 
steel) rods caref**11y cementd with oooxy resin to c: 
rods are in turn expoxied to a br*;t r me. Sev ral * 
illustrated in Fig. 7 0.1. 

For the forr-role field, the rod radiu? f * rr 2 '• 

circular rather teat hyperbolic rod^ are used .• 

R = l.liftR 

1*0 J 

where R is t;;t is tar.. ' from the uencsr of tx*e f;u * 

of any rod. How '?r st th's laboratory, 1 1 T a*- 

V D.2 

1.148 (as other- \ we also done). 

For much of the work, the high voltage switch cr f 
used to turn the r eld cn and off. 
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H. G. Benncvita and 
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(1954). 
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V D.2 

Fig. V D.l Focusing tie Ids. 

A. Four-pole field assembly. The brass top-shaped piece is one 
of two used to space the rods while they are being cemented in place. 
The piece to its left can be used in aligning the field assembly in 
the vacuum envelope, but more often threads, weighted on their ends, 
were appropriately hung on the rods to form "crosshairs 11 on the center 
line or tie assembly. 

c. k Lvo-poie field assembly. Note the ceramic rods used to 
hold the m<rLal rods in place. The thumbscrews are used to align the 

field hly . 

.. End -on view of the ten-pole field assembly (c< r-fX). 

See Fi’. IV D. 3. 

L. I*o ten-pole field assemblies. The brass pieces in the 
foreground are used to hold the steel rods until they are epoxied 

in place. 
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HIGH VOLTAGE SWITCH 


! TO HIGH 
VOLTAGE 



Fig. V D.2 High voltage switching circuit. 

Switches A, B, C, and D are normally open vacuum switches (Jennings 
R5C 4052B 31001). Switches A and C or switches B and C oan be made to 
close together, but only two can be closed at one time 
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Fig. V D.3 Beam stop and collimator. 

For ten-pole focusing, this beam stop and collimator was attached 
to the velocity selector (a similar one is in Fig. V B.l). Beam 
material condensed on the collimator and formed a shadow of the field 
rods. 
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E. Microwave system. 

The microwave system changed throughout the work, but two systems 
are shown in Figs. V E.l and V E.2. Some photographs of the systems 
appear in Fig. V E-3. 
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Fig, V E.l Microwave system A. 

This was used for Fig. Ill B.2 (in the paper included), in 
section III B. Certain of the equipment was borrowed from Prof. 

R. C. Woods* 


a* 


b. 



c. 


d* 


e. 


1 


g. 


h. 


Heathkit (Model AG - 10) sine-square generator at 25 Hz, j 

To lock- in detector (for beam) reference, » j 

i : 

t ] 

Hewlett-Packard 869GA sweep oscillator, f j ! 

Hewlett-Packard 8S94A plug in <8-12,4 GHz). * * 

Hewlett-Packard 175 A oscilloscope, j 

Hewlett-Packard X281B adapter (coax to waveguide). 

Microlab -X157A ferrite isolator. „ : 

Hewlett-Packard X752C multihole directional coupler. 

Micro lab X155A variable attenuators (0-20db). j 


j. Polarad B126293 adapter. 

k. Andrew 51747-12 .flexible waveguide. . 

l. Andrew 55000-75 pressure window. 

m. Polarad CA-Ks horn antenna. 

n. Micro tech flexible waveguide. 

o. Hewlett-Packard 5256A frequency converter* 

p. Hewlett-Packard 5245L counter. 


J 




E. 

Fig. V E.2 Microwave system B. 

This microwave system was used in the earlier part of the work. 
It had disadvantages in that the power was inadequately stabilized in 
the range of interest; also it had somewhat too low power for the 
experiments and lacked an internal sweep necessitating manual MHz 
frequency scan. The parts are identified below. 

a. Heathkit model AG-10 sine-square wave generator. 

b. One tube amplifier. This gives an output of AO for 
no input. A positive mpux. (above a certain minimum) 
results in an output voltage of zero. 

c. Polar ad 1107 H microwave signal generator (3.8-8. 2 GHz). 

d. Polarad 1509 frequency doubler (10.0-15.0 GHz). 

e. Hewlett-Packard M532A waveraeter 

f. Polarad CA-Kfc microwave horns 

g. llewlett-Eackard M424A crystal detector. 

h. Hewlett-Packard 175A oscilloscope. 


MICROWAVE SYSTEM 
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Fis. V E.3 Microwave system photographs. 

A. Microwave electronics for system B. The sine-square wave 
oscillator, the frequency doubler, and the microwave signal generator 
are shown. 

B. Waveguide comporents . The wavemeter, flexible waveguide, 
and the microwave feed through flange are shown. 

C. Some microwave components. Present are the directional 
coupler, a microwave horn, an adarrer (for microwave flanges with 
different dimensions), and a crystal detector. 

D. The microwave - molecular beam crossing -zone. The microwave 
horn and the beamstop ("obs tacle") are in the center, between two 
four-pole field assemblies. 
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VI. RESONANCES IN H + H SCATTERING 


A. Introduction 


The focusing methods in the preceding sections were developed 
mainly as tools to produce state-selected molecular beams, useful for 
studying collisions between neutral atoms or other molecules. 

In the next section some calculations (already published) are 
presented concerning collisions of atomic hydrogen, i.e., the elastic 
scattering of H by R atoms. The results of proposed experiments 
of this type may be used to confirm knowledge of the ground state 
interaction potential between H atoms. Up to the present time, however, 
such atomic scattering experiments have been technically too difficult 
to carry out. 

However, the results of the next section have already found 
application. Dr. G. Herzberg of the National Research Council of 
Canada has used them to help fit new spectral^ ^ observations on 
R. E. Roberts, R. B. Bernstein and C. F. Curtiss used these results 
as the starting point in calculations on termolecular recombination 
kinetics^ for the reaction 


H + H+ H H 2 + M (M = He, Ar, or H.) 


R, J, LeRoy and R„ B. Bernstein have discussed the inconsistencies 
between the theoretical and experimental ground state energies of H~. 


VI A. I Private communication, 

VI A.2 R. E. Roberts, R, B. Bernstein and C. F. Curtiss, Chen. Phys . 
Lett . 2, 0000 (1968). — 
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They considered the influence of the so-called adiabatic, relativistic 
and non-adiabatic corrections to the clamped nuclei potential. In 
addition, they explained inconsistencies (of several cnT 1 ) between 
the vibrational levels of computed by several authors. 



VI A. 3 


R. J. LeRoy and R, B. Bernstein, J. Chem . Phys . 49, 0000 (1968). 
This writer noticed the use of nuclear masses in the reduced 
mass of H 2 by Wolniewicz (ref. VI B.4). LeRoy suggests that 
nuclear rather than atomic masses are more proper bound state 
calculations and that more reliable recent values of Planer’s 
constant and the Bohr radius are available and should be used 
in such calculations. 


( 
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B. ‘’Calculated Spectrum of Quasibound States for (} <j£ ^ + ) and 
Resonances m H + H Scattering/ 1 by T. G. Waecti and R. B. 
Bernstein, J. Chem. Phys. 46, 4905 (1967). 


(See journal article for this section.) 
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C. Computer program for potential fit 

A computer program was desired to find an analytical fit to the 

Kolos -Wo Iniewicz clamped nuclei potential for a large range cf R. A 

series (Eq.. vi 8.1) was found using the method of Forsythe^* 1 . 

Although Forsythe suggested that the fitted variable (VO be expanded 

as a sum of polynomials, here the polynomials were ^sed to find the 

a 

coefficients (a^) of a series in ( ), with R in au, and also 

the coefficients (A u ) of a series in R - Re (Ecu. VI B.2). 

Attempts were made at accurately fitting the ootential with a 
series in terms of more complicated variables, b-t Ihey were unsuccessful. 
The computer program (in Fortran IV language) follows. 


VI C.l See ref. VI B.10. 
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PRINT 3 

DO lb J=1 i'l 

DlF^-Vl J)-Ft 

0 1 Fw - 2 i ? 0 JO • *0 1 F f 

PRINT ?> R{J) ♦XI-j) t F I J ) ♦VIJ) »'jIFF iJl r > 

LOCATE COLrPiCIt.NTS 
DPl(2»i>=-AL°hAU> 

DO 10 1 .<=1»\ 

DPI ( f£ » £ ) — I • 

DO 102 K-3>M 

<Cfi2 = K“2 

DPI U » aMI I -DP 1 1 .si-il i K.‘12 ) -AlPhA I A . ) , , . . 

DPI U*i>»-ALPriAU)*DPi(N,'iltl )-ot7A{^«i)«^UMi»ll 

DO 103 A = 4tN 

Ktfl=.W 

.<xz bk- 2 

> DPli^O-OPl'Jlui L-U-ALPnA(iO*0»l<JCil *L ) -StTA { N.’tt > *0? U < v, 2 >*-> 
PRINT 105 
DO 106 L " 1 1 N 
TP1(L)=0, 

DO 10 A t>Li\ 

, TPKL)=TP1!LHS(n) <*DP 1 1 -s > t- ) 

TP 0 (L)-n*iti i 
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